The study reported here presents the results of an investigation of a marsh-cove ecosystem heavily contaminated by cadmium. The most contaminated aquatic sediments were dredged in 1972-73, but the resuspension of the sediments and recycle of water from the dredge spoil resulted in reestablishment of a large contaminated sediment bed with concentrations very similar to those observed before dredging.
Introduction
The waste discharges of a nickel-cadmium battery plant during the late 1950's and through the 1960's produced highly contaminated sediments in Foundry Cove near Cold Spring, New York State (1) (2) (3) . Very high cadmium concentrations were observed in an original evaluation by Gregor (unpublished results) and confirmed by studies in our laboratory and by the U. S. Environmental Protection Agency. Dredging of the major deposits in 1972 and the spring of 1973 upset the system; however, what appeared to be the original pattern of the deposits was re-established by the summer of 1973 (3) .
Continuing studies have defined a generally stable distribution of the cadmium as re-established subsequent to the dredging. The cadmium, while relatively immobile, is available to the organisms in the system with all biota sampled showing contamination to some degree. The results do not indicate potential for a public health effect except through ingestion of contaminated crabs.
Experimental
Analyses have been made by dissolution of acidsoluble materials followed by measurement by means of atomic absorption spectrophotometry with either flame or carbon-rod sources as dictated by sample size and metal concentrations. The sampling and analytical procedures used have been described in detail elsewhere (1) (2) (3) for the flame methods.
Analysis of NBS beef liver by the carbon-rod method used for tissue samples after dissolution with nitric, sulfuric, and perchloric acids (4) gave results of 0.26 + 0.38 ,ug/g dry weight (10 samples) compared to NBS certified results of 0.27 + 0.04 gmg/g dry weight. February 1979 Results
Sediment Concentrations
The data shown in Figure 1 indicate that the dredging caused a significant shift in the 1971 1000 mg/kg cadmium contour. The area outlined by that contour was dredged to a 1-ft depth, but refiled with sediments and the new contour was established no later than the summer of 1974. Only minor changes have occurred in the period from July 1973 through 1975. The contours for higher concentrations in Figure 2 did not shift from 1974 to 1975.
Several profiles are shown in Figure 3 from tide to tide and related to wind, tide, and river traffic among other possible sources of wave action. Nevertheless, the repeated tidal disturbances which cause transfer of both suspended solids and dissolved metals are no doubt a major factor in establishing the observed distribution and in determining the overall mobility of the metals.
Concentrations found in the marsh area are shown in Figure 4 . These sediments, which are submerged at high tide only, also shown a pattern of decreasing cadmium concentration with distance from the outfall.
Data for Fe, Mn, Zn, and Co are given in Table 1 . It is clear that of these elements only Co shows a concentration gradient related to the location of the outfall. This element was used as an additive in battery manufacturing at one time, and would have been present in the discharges (Zoch, personal communication).
Biota
The concentrations of cadmium found in several species of plants are given in Table 2 . In every case it is clear that those species found in Foundry Cove have elevated cadmium concentrations compared to other locations.
The relation between cadmium concentrations in Typha angustifolia (leaves and rhizomes) and marsh sediments is shown in Table 3 . The ratios of plant tissue to sediment concentrations incrase for both materials only where sediment concentrations fall below 1000-1500 ,tg Cd/g sediment. Data for the concentration of Cd in interstitial water in these locations are not available, but interstitial water values of approximately 10 jug Cd/l. have been reported (6) for both high (30,000 ,tg/g) and low (-1500 ,ug/g) sediment cadmium concentrations. The tissue cadmium concentrations are likely to be more closely related to interstitial water-cadmium concentrations (and chemical species) than to concentrations in sediments.
Concentrations observed in a variety of animals found in the cove are given in Table 4 . Again, it is clear that cadmium, despite the relatively stable nature of the sedimentary deposits, is readily available for transfer to the biota. Most samples of edible fish flesh show values as low or lower than those for Stony Point samples (about 15 miles downstream) or not much higher than National Marine Fisheries samples. Eels, frogs, and crabs may be more elevated than finfish. Tissue burden patterns observed in laboratory uptake studies can be compared to those from field captured organisms as in Table 5 to determine the most likely manner by which field exposures are occurring. Species, exposure route, cadmium concentration, and length of exposure may all affect these patterns to some degree. However, it seems clear that ingestion must be a major route of exposure in the field. The higher level exposures in Table   5 (food 24 ,ug/g dry weight and water 250 ug/Il.) produced total ingestion of 11.0 ug and exposure via water of 5.7 jg (calculated as flowing past the gills).
Of these totals, 3.11 ,tg (28%) and 1.26 jig (22%)
were found to be in the fish.
Discussion
Water and Sediments
The water and sediment chemistry of this system are the most critical factors in determining both the distribution and effects of cadmium. The data in Table 6 show the system to be neutral and to contain significant amounts of carbonate. These water quality parameters are strongly dependent on the condition of the Hudson River which is the source of the tidal influx (3-4 ft depth difference from low to high tide). The sediments have produced a mixed CaCO3 CdCO3 compound where the concentration of cadmium is high, and at locations with lower concentrations, cadmium appeared bound to the organic fraction in the sediments (6) . As might be pre- structed to include estimates of cadmium found in given areas at various times (Table 7) . The data from 1975 show decreases in the cadmium found where sediments were originally rather lightly contaminated, while the heavily contaminated area of the cove remained essentially unchanged. These changes in the less contaminated areas present only a small overall change two years after the dredging of 1972-73. While the outfall area has had a major fraction of the deposited cadmium removed by the dredging, the larger area of the cove sediments which were dredged returned to the concentrations originally found and this area was relatively stable for at least two years after completion of the dredging.
Dissolution and transfer of the remaining 2 MT in the outer cove or the total of 11 MT in outer and inner coves to the river over a single tidal cycle (an unlikely event) would produce an estimated average concentration in one tidal volume (7.7 x 107 m3) of 25 to 140 ,mg Cd/l. Dilution of net discharges measured on several days at 1.5 to 13 ,tg/l. over a single tidal cycle at the trestle would result in 0.08 to 0.7 gg/l. if dilution occurs in the drought fresh water flow of 55 m3/sec, or 0.008-0.07 Agll. at normal fresh water flow rates. The likely event thus might be a release resulting in a concentration of up to 0.7 ,g/l. of river water. This is not unlike the values of 1 ,ug often found in natural waters (including the Hudson River) (8) . Even the higher values of 25 to 140 ,ug/l. would be reduced by tidal mixing and equilibration with suspended solids over a period of several days. However, in the latter case some toxic effects might well be observed (9) .
Biota
The distributions found in the tissues of plants and animals show a significant availability of cadmium to the biota despite its relative stability in the sediments. Patterns of high liver concentrations in the organisms relative to the kidney concentrations indicate a considerable rate of continuing exposure. Further evaluations of the patterns of organ burdens and the possible relations to exposure are in progress and will be reported elsewhere.
Comparisons of organ burden distributions for field captured Fundulus diaphanus and implanted Crassius auratus to those for laboratory exposed fish show that the field specimens had ingestion as a major route of exposure.
We have reported (3) that the sediment areas with cadmium concentrations exceeding 1000 ug Cd/g sediment dry basis show some indication of decreased numbers of bethic organisms, and the effect is very significant where concentrations exceed 10,000 Ag/g. The presence of an effect on ecosystem population numbers and diversity would obviously be a function of the fraction of the sediment area contaminated at an effect level. The total area at 10,000 ,ug Cd/g sediment is relatively small, and no effect would be expected on overall area populations of insects maturing from the benthic larval forms.
Population studies have failed to show clear cut effects on planktonic species (9); however, the laboratory studies indicate that Daphnia sp. may be affected in the system by the repeated concentrations of 10 ,ug/l. Cd in solution. Some possibility exists for chronic effects on animals or other larger organisms present in the area (muskrats, turtles, etc.), but no population counts have been made, nor has data been obtained regarding fish population numbers.
Human Exposures
Exposures to local residents could only occur from ingestion of organisms caught in the area, as no recreational swimming occurs in the cove, and the water is not used for drinking purposes. Frog hunting is not known to produce significant catches, and commercial fishing for eels has been prohibited in the Hudson River because of the PCB contamination. As muscle tissue for other fish appears to be in the normal range for data reported by others (see Table 4 ), the blue crab appears to be the only likely source of a hazard.
The crab has been harvested in numbers at Foundry Cove by local residents over the period 1972-76. As some residents have reported eating as many as 300 crabs per year, there is a potential for ingestion of significant quantities of cadmium above the 57-71 ,g/day tolerance value suggested by WHO (10), this exposure route is under continuing study.
Conclusions
The removal of the original deposits of cadmium from Foundry Cove was only partially successful. Redistribution of cadmium in solution and on fine suspended solids during and after the dredging has re-established a large area of contaminated sediments with a pattern very similar to that outlined by sampling performed prior to the removal.
Several years after the dredging the plants and animals in the cove continue to be contaminated despite the relative stability of the cadmium in the sediments. Organ burden patterns support the conclusion that exposures are both current and at significant rates.
The effects present in Foundry Cove do not seem sufficient to justify a further removal effort. Should the migrant crab population be found to be sufficiently contaminated to represent a hazard, a ban on crabbing in a relatively limited region should suffice to prevent excessive human exposures.
Prior to decisions regarding removal, the hazards of contaminated sediment beds must be carefully considered in terms of existing effects, the likelihood of redistribution during removal, potential long-term impact of the bed as is and/or if redistributed, and the costs of the best removal action.
